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Abstract 
Electronic noise generators are an essential component of molecular neuromorphic devices. To realize molecular noise generators 
with a high degree of freedom for design and integration into molecular devices, the utilization of the local electric field for the 
modulation of electrical conduction via a shape-limited conductive polymer is one promising strategy. Herein, a molecular noise 
generator composed of thin self-doped polyaniline (SPAN) lines is reported. SPAN lines fabricated via fountain pen lithography 
on SiO2/Si substrates were found to generate current noise upon laser irradiation. This current noise exhibited white-noise-like 
power spectral density in the frequency range of 1–25 Hz and was independent of temperature. Multiple independent noise 
generation on the same substrate was also successfully demonstrated. The present results indicate that the noise generation 
mechanism involves the local modulation of hopping conduction via SPAN lines owing to the spatial proximity of the conduction 
path in the SPAN line to the surface photovoltage region of the SiO2/Si interface. This on-site random noise generation in shape-
limited conductive polymers is expected to be beneficial for the realization of molecular neuromorphic devices. 
Introduction 
We live in the presence of considerable noise originating not only from the outside world but also within our bodies. Noise is 
extensively utilized in natural stochastic systems, such as those for information processing in the human brain [1–4] and energy-
efficient environmental signal detection by living creatures [5,6]. As the demand for greater computing capabilities continues to 
increase tremendously, neuromorphic devices based on neuron-inspired systems have been proposed [7,8].  
One of the important phenomena for neuromorphic devices is stochastic resonance (SR), in which noise of an appropriate 
amplitude is added to a weak input signal to enhance the output response of nonlinear bistable or threshold systems [9]. Multiple-
noise generators capable of producing different types of noise are also expected to be essential for the enhancement and conversion 
of weak signals [10]. SR is also widely applied in nonlinear sensing [11,12], and hence biomimetic devices utilizing SR are 
considered a promising pathway for linking complex biological information processing to next-generation non-von Neumann 
solutions [10,13]. 
Several groups demonstrated the SR by using molecular networks with the noise generated by an external function generator 
[14,15], but the use of typical box type function generators limits the integration of multiple noise generators on a chip. Other report 
successfully realized generates electrical noise from the carbon-nanotube-based molecular devices [16], which is small enough for 
future integrationdevices. However, the noise is generated randomly with time and it is unable to control the on/off state of noise. 
In addition, the noise generation is a temperature sensitive process, thus the noise characteristics would be affected by unavoidable 
temperature change while operating [16-18]. 
For the development of molecular neuromorphic devices in which SR is highly utilized for information processing as in the 
human brain, three requirements for the fabrication of an appropriate molecular noise generator should be considered. First, multiple 
on-site independent noise generators should be realized using fabrication methods with a high degree of freedom for device design 
and integration. Second, the ON/Off state of the noise generation should be controlled and/or triggered according to the external 
conditions. Third, the noise generation should be independent of temperature to permit stable operation under various temperature 
conditions. To fulfill these requirements, we propose the strategy of utilizing shape-limited conductive polymers for on-site noise 
generation that can be controlled by local excitation. Because carrier transport in conductive polymers can be modulated by electric 
field, local current noise generation can be expected if the dimensions of the conduction path are narrow enough to permit 
modulation of the carrier conduction by a locally fluctuating electric field. 
For the shape-limited conductive polymer, self-doped polyaniline (SPAN) is an attractive candidate. The hopping conduction 
between the localized metallic grains is affected by the gate voltage in the field-effect transistor structure [19]. Moreover, SPAN is 
soluble in a variety of solvents, permitting the fabrication of molecular patterns on a substrate via fountain pen lithography (FPL) 
[20–22]. In FPL, a solution containing the molecules is deposited onto the substrate using a position-controlled fine pipette. This 
technique permits both molecular patterning on the substrate and fabrication of molecular thin films at the nanoscale. The latter 
aspect is important because the conductive carriers in thin molecular patterns are expected to be strongly excited by the local electric 
field at the molecule/substrate interface owing to the limited volume of the conductive channel. Surface photovoltage is one 
promising phenomenon for generating a fluctuating local electric field. The irradiation of light onto an insulator/semiconductor 
interface results in the generation of electron-hole pairs and the diffusion of minority carriers toward the surface depletion regions. 
Consequently, the change of band-bending gives the fluctuated surface potential [23]. 
We herein report the fabrication and characterization of a molecular noise generator that relies on the sensitive response to a 
photoinduced local electric field at a SiO2/Si interface. The ON/OFF control of noise generation in nanometer-thick line patterns of 
SPAN was realized by laser stimulation. The temperature-independent nature of this noise demonstrates the potential application of 
shape-limited SPAN lines to neuromorphic devices suitable for operation over a wide temperature range. Furthermore, the 
integration of multiple noise generators that work individually on-site was demonstrated. The results strongly suggest that the current 
noise generation technique is a local process that is suitable for next-generation neuromorphic computing devices. 
Methods 
Sample Preparation and Characterization 
The SiO2/Si substrates (boron-doped silicon wafers with a thickness of 525 ± 25 μm and a thermally grown 300 nm silicon 
dioxide layer, 0.1-100 Ω·cm, E&M) and quartz substrates (700 μm thickness, Daico) were processed by ultrasonic cleaning in 
acetone and UV/ozone treatment prior to use. Au/Cr electrodes (50 nm/10 nm thick, respectively) with a 30 μm gap size were 
fabricated via thermal evaporation onto the SiO2/Si or quartz substrate. SPAN solution was prepared by mixing AquaPASS (SPAN) 
solution (Mitsubishi Rayon) with Milli-Q ultrapure water and methanol in a volume ratio of 1:4.5:4.5. Borosilicate nanopipettes 
were fabricated using a thermal micropipette puller (PC-100, Narishige). The nanopipettes had an aperture size of approximately 
500 nm, as confirmed by SEM (SU-6600, Hitachi) using an acceleration voltage of 5 kV. The surface of each nanopipette was 
coated with gold by ion sputtering (JFC-1500, JEOL) to prevent local charging. The bias voltage applied to the SPAN solution in 
the nanopipette was 300 V relative to the grounded counter electrode to realize stable and continuous deposition of the solution onto 
the substrate. This procedure is important because the charged SPAN solution was dispensed from the nanopipette aperture owing 
to the electrostatic force. The scanning speed was 50 μm/s. The images of line patterns were taken by optical microscope (BX51M, 
Olympus) and SEM (SU-6600, Hitachi) using an acceleration voltage of 3 kV. The height of the SPAN lines was measured using 
tapping-mode AFM (JSPM-4200, JEOL) with a silicon cantilever probe (NCH, Nanoworld, resonance frequency: 330 kHz).  
Electrical Measurement and Data Analysis 
The electrical current was characterized using a source meter (2636B, Keithley) equipped with a high-vacuum prober (ST-500, 
Janis) over a temperature range of 6–300 K under a pressure of 10−4 Pa. The time interval during the I–t measurements was 20 ms 
(37 ms for the two-device measurement). The high and low ranges of the current were set to 10−7 and 10−14 A, respectively (for the 
measurement of the bare substrate, auto ranging was used), and the number of power line cycles was set to 1. Laser irradiation was 
performed using a 532 nm continuous-wave laser diode (Stradus 532, Vortran) operating at a fixed laser power of 5 mW in the 
modulation mode. An optical fiber was used to guide the laser light into the high-vacuum prober, and the size of the illuminated 
area was 1 cm2. The on/off states of the laser  
 
Figure 1. (a) Schematic illustration of the patterning of SPAN lines using a nanopipette. (b) SPAN line patterns observed by 
optical microscopy. (c) AFM image of a single SPAN line and a representative cross-sectional profile. (d) SEM image of SPAN 
line patterns, 300x magnification. (e) SEM image of a single line pattern, 6000x magnification. (f) Representative I–V 
characteristics of SPAN lines on a SiO2/Si substrate in the temperature range of 6–300 K under a pressure of 10-4 Pa. The inset 
displays a semi-logarithmic plot of the resistivity ρ versus T−1/2, where the solid lines indicate the fitting results for the high-
temperature region (200–300 K) and low-temperature region (10–50 K) obtained using equation (1). 
and the data acquisition system (NI 6341, National Instruments) were controlled using a custom-built LabVIEW program. The I–t 
data were analyzed using Fourier transformation (Origin 9.1) to obtain the PSDs. To avoid the influence of transient current, the I–
t data 10 s after switching the laser were used in the PSD analysis. 
Results and discussion 
Surface structure and I-V characteristics of SPAN lines 
Figure 1(a) presents a schematic overview of the device fabrication procedure. SPAN lines were fabricated using a nanopipette 
and custom-built FPL apparatus. The apex of a nanopipette filled with SPAN solution was contacted to the SiO2/Si substrate and 
moved over gold electrodes situated at an interelectrode distance of 30 μm. A bias voltage was applied between the SPAN solution 
and counter electrode to induce continuous deposition of the solution. In a typical device, 10 SPAN lines were patterned over the 
electrodes. 
The SPAN lines were examined using optical microscopy and atomic force microscopy (AFM). Lines with a length of 500 μm, 
a nominal width of 4 μm were fabricated between the electrodes (figure 1(b)). The average height of each line was approximate ly 
100 nm (figure 1(c)). The double peaks in the cross-sectional profile were ascribed to the coffee-ring effect and were also observed 
by optical microscopy (figure S1). Figure 1(d) and 1(e) show the general and detailed view of SPAN lines characterized by SEM. 
The line width on Au electrode and SiO2/Si surface was slightly different with a nominal difference less than 1 μm, which would 
be due to the changes of mechanical contact between a glass capillary and a substrate or an electrode due to their height difference 
(Au electrode was 50 nm higher than the substrate). The meniscus shape of SPAN solution between a probe and a surface would be 
changed when the angle of probe apex was changed. The other possibility is the wettability of SPAN solution on a surface. Figure 
1(f) presents the current–voltage (I–V) characteristics and temperature dependence of the resistivity (ρ) of the SPAN lines. The 
linear I–V characteristics in the temperature range of 6–300 K are typical of high-concentration SPAN films [24]. In general, the 
conduction mechanism in polyaniline can be described by Mott’s variable-range hopping model. The temperature dependence of ρ 
and the activation energy (Ea) can be expressed by equations 1 and 2, respectively [24–27]: 
𝜌 = 𝜌0exp⁡((𝑇0 ∕ 𝑇)
1∕2)                        (1) 
𝐸a =
1
2
𝑘B𝑇0
1∕2
𝑇1∕2⁡                             (2) 
where ρ0, T0, and kB are the high-temperature limit of resistivity, Mott’s characteristic temperature, and theBoltzmann constant, 
respectively. The solid lines in the plot shown in the inset of figure 1(d) are the fitting results for the high-temperature region (200–
300 K) and low-temperature region (6–50 K) obtained using Equation 1. The values of T0 and Ea were 1.8×104 K and 100 meV for 
the high-temperature region and 45 K and 0.7 meV for the low-temperature region, respectively. These values are similar to previous 
results reported for polyaniline [24, 27–29]. The two different values of Ea indicate the presence of the metallic grains and disordered 
regions inside the shape-limited SPAN lines. In the metallic grains, the SPAN molecules are ordered to form the free carriers, 
whereas the disordered regions act as insulating layers between the metallic grains, resulting in the occurrence of hopping conduction 
between the metallic grains. 
The presence of the metallic grains in the shape-limited SPAN lines is essential for the on-site current noise because the electric 
potential of each metallic grain in a SPAN line can be modulated efficiently by a local electric field. A comparison of the current 
noise generation between the SPAN lines and a SPAN film will be presented. 
Current noise generation with laser irradiation 
Figure 2(a) shows a schematic illustration of the current noise measurement. The electrical current was measured in the presence 
and absence of laser irradiation. All measurements were performed under vacuum conditions. A current–time (I–t) plot of the bare 
electrodes on a substrate prior to the patterning of the SPAN lines is presented in figure 2(b), in which a current fluctuation of 0.1 
pA was measured during laser irradiation. The low current noise measured for the bare Au electrodes on the SiO2/Si substrate (figure 
2(b)) can be considered as local charge accumulation due to the surface photovoltage. 
Following this measurement, SPAN lines were patterned between the same electrodes and the electrical current was measured. 
The I–t plot of the SPAN lines at a bias voltage of 1 V revealed a detectable current noise upon laser irradiation. As shown in figure 
2(c), the photoinduced transient current was measured in the first 5 s after laser irradiation, whereas in the subsequent period the 
current noise exhibited a relatively stable amplitude. The latter period of stable current noise was analyzed in this study because it 
was reproducible. The current noise amplitude was considerably larger than that of the bare Au electrodes. This current noise 
generation was observed in 79 out of 192 devices, with variable noise amplitude from sample to sample. These results suggest that 
the current noise originated from the SiO2/Si interface and was enhanced by the SPAN molecules. 
Figure 2. (a) Schematic illustration of the electrical measurement of current noise under laser irradiation. (b) Representative 
I–t plot of the substrate prior to the patterning of SPAN lines. The interval of laser irradiation was 30 s. The inset shows an 
enlarged view with the y axis magnified by a factor of 100. (c) Representative I–t plot of a SPAN line on a SiO2/Si substrate. 
The interval of laser irradiation was 60 s. (d) Representative I–t plot of a SPAN line on a quartz substrate. (e) Representative 
I–t plot of a drop-cast SPAN film on a SiO2/Si substrate. In (b)–(e), the electrical current was measured under a bias voltage 
of 1 V, a pressure of 10−4 Pa and a temperature of 300 K. 
To evaluate the influence of the substrate, the I–V and I–t characteristics were also measured for SPAN lines on quartz substrates. 
Among 204 samples, we did not detect current noise in either the presence or absence of laser irradiation (figure 2(d)), which 
indicates that the current noise generation originated from the intrinsic properties of the SiO2/Si substrate. To evaluate the importance 
of line patterning, the I–t characteristics of drop-cast SPAN films on SiO2/Si substrates were also measured. Among 32 devices, no 
device exhibited stable current noise (figure 2(e)). This result demonstrates that a constrained sample thickness and area on the 
SiO2/Si substrate were crucial for current noise generation. The results shown in figures 2(d) and (e) also show the improbability of 
current noise generation at the electrode/substrate interface or contact noise from the SPAN/electrode interfaces, the photo-excited 
carriers of SPAN and the surface plasmon effect of gold electrode because no significant differences were detected from these 
samples in the presence and absence of laser irradiation. We also tested a broken sample in which the SiO2 layer was damaged to 
confirm that the noise generation was not attributable to leakage current through the Si substrate (figure S2). These results confirmed 
that the essential requirements for the current noise generation were exposure to laser irradiation and the shape-limited SPAN lines 
on a SiO2/Si interface. 
To examine the characteristics of the noise, the power spectral density (PSD) was compared for samples without SPAN (SiO2/Si 
substrate with Au/Cr electrodes) and with SPAN lines. As shown in figure 3(a), the PSD of the bare SiO2/Si substrate exhibited 1/f 
characteristics in the absence of laser irradiation. In the presence of laser irradiation, the PSD increased with respect to 1/f in the 
Figure 3. PSDs of the current noise (a) without and (b) with SPAN lines, which were obtained from the I–t plots shown in 
Figures 2(b) and (c), respectively. (c) PSD of the current noise with SPAN lines. The I–t plot was measured at 6 K with a bias 
voltage of 1 V, a laser pulse of 60 s and a pressure of 10-4 Pa. In each plot, the solid lines indicate the fitting results in the 
frequency range of 1–25 Hz and the dashed gray lines indicate the corresponding thermal noise level. The thermal noise levels 
at 300 and 6 K were estimated to be 4×10−28 and 4×10−32 A2/Hz, respectively, using Equation (3). 
 
Figure 4. (a) I-t plots of the current noise with different laser power. The I–t plot was measured at room temperature with a 
bias voltage of 1 V, a laser pulse of 60 s and a pressure of 10-4 Pa. (b) Standard deviation of current noise with different laser 
power.  
high-frequency region. Following the deposition of the SPAN lines on the same substrate, the noise amplitude in the absence of 
laser irradiation was significantly greater than that observed for the bare substrate (figure 3(b)). This was ascribed to the current 
dependence of 1/f noise. The PSD of 1/f noise (SI(1/f)) is typically proportional to Ix in ohmic systems, where I and x are the current 
and a variable parameter, respectively [30,31]. The 1/f noise was slightly curved in the higher-frequency region, which was attributed 
to thermal noise. The thermal noise level (SI) was estimated to be 4×10−28 A2/Hz (dotted line in Figure 3(b)) using Equation 3: 
𝑆𝐼 = 4𝑘B𝑇/𝑅                               (3) 
where kB, T, and R are the Boltzmann constant, temperature, and sample resistance, respectively. Upon laser irradiation, a white-
noise-like PSD was observed in the frequency range of 1–25 Hz, which indicates that the shape-limited SPAN lines played a 
significant role as the current noise generator upon laser irradiation. 
To further investigate the properties of the current noise with the SPAN lines, the temperature dependence was examined. figure 
3(b) and figure 3(c) present the PSDs of the SPAN lines at 300 and 6 K, respectively. In the absence of laser irradiation, the noise 
exhibited a 1/f shape at both temperatures, with a positive shift at 300 K owing to the greater conductivity of SPAN lines at higher 
temperatures and the current dependence of 1/f noise. In contrast, in the presence of laser irradiation, white-noise-like PSDs were 
observed with negligible temperature dependence in the range of 6–300 K. More intuitively, plots of the current noise during the I–
t measurements are shown directly in Figure S3. The average noise amplitude remained almost constant irrespective of temperature, 
although the current varied by two orders of magnitude from 6 to 300 K. These results indicate that the nominal current was thermally 
sensitive owing to the occurrence of hopping conduction, whereas the current noise generation was independent of the thermal 
process. 
The I–t characteristics of the SPAN lines were also examined under various laser powers (figure 4(a)).  Under a weak laser 
power (1 mW), a wider range of current noise fluctuation was observed. As the laser power was increased, the signal amplitude of 
the current noise became more uniform. The standard deviation of current noise in I-t data was calculated to show the range of 
fluctuation more intuitively. As depicted in figure 4 (b), the larger standard deviation of 1 mW and 2 mW I-t data indicated the 
fluctuation range was wider at lower laser power. At 5 mW, 10 mW and 20 mw, standard deviation data shown no obvious difference, 
whereas the minor drift might be due to the change in nominal current level. These results can be explained by the degree of band 
bending at the SiO2/Si interface. The variation of the current noise over time indicates that the band bending was far from saturation 
and that an inhomogeneous local electric field was formed under weak laser irradiation. Upon increasing the laser power, the band 
bending became saturated to form a flat band [32], resulting in stable current noise with negligible spikes in the I–t plots.  
The influence of the electric field on the electrical current in the SPAN line was also evaluated by controlling the gate voltage. 
The current flow in the SPAN molecules was sensitive to changes in the gate voltage but remained stable at a constant gate voltage, 
which suggests that the variation of the local electric field due to the fluctuating surface photovoltage at the SiO2/Si interface was 
able to affect the carrier transport in the SPAN line (figure S4). 
Demonstration of on-site current noise generation 
To further examine the on-site current noise generation, the I–t characteristics of two devices on the same substrate were measured 
simultaneously. Synchronization of the current noise from the two devices would indicate that the noise generation originated from 
a general mechanism such as fluctuation of the laser power, whereas a lack of synchronization would suggest a local mechanism of 
noise generation. The level of synchronization was demonstrated by cross-correlation and autocorrelation function, which is 
commonly used to evaluate the relationship between multiple and/or time series signals [33, 34]. As depicted in figure 5(a), the two 
samples were fabricated on the same SiO2/Si substrate and their current noise was measured simultaneously using two source 
measure units. The distance between two devices was approximately 1.5 mm. figure 5(b) and figure 5(c) show the I–t characteristics 
and corresponding PSDs of the two devices. The PSDs of the two devices exhibited similar behavior in the frequency range of 0.1–
10 Hz. The correlation coefficient of the I–t characteristics was calculated to be 0.094, and the cross-correlation of the current noise 
from the two devices throughout the entire time range was less than 0.1 (figure 5(d)). This lack of correlation demonstrates that the 
current noise from the two devices was independent. These distinctive time-resolved noise properties of two devices on the same 
substrate indicate that the current noise was not attributable to a general effect such as fluctuation of the laser power but rather local 
modulation of the electronic states  
Figure 5. (a) Schematic illustration of the simultaneous I–t measurement of two isolated devices on the same substrate. (b) 
Comparison of the I–t characteristics of the two devices under laser irradiation with a bias voltage of 1 V and a sampling 
interval of 37 ms. (c) Comparison of the PSDs of the current noise generated in the two devices. (d) Cross-correlation of the 
I–t data for the two devices. (e), (f) Autocorrelation of the I–t data for each device. The electrical current was measured under 
a bias voltage of 1 V, a pressure of 10−4 Pa and a temperature of 300 K. 
The autocorrelation data of the two devices (figure 5(e) and figure 5(f)) also revealed little correlation, indicating that the current 
noise generation was a short-term nonperiodic phenomenon, although the relaxation time could not be determined under these 
conditions owing to the sampling interval of 37 ms. Therefore, our results demonstrate that the current noise was generated locally 
and independently in the SPAN lines.  
Proposed model of current noise generation 
Regarding the mechanism of noise generation, a brief summary of all experimental results is necessary. By the comparison 
between different device configurations (figure 2), essential conditions for the noise generation phenomena were confirmed, which 
are optical stimulation, shape-limited SPAN molecules and SiO2/Si interface. Put it in another way, the current noise is generated 
from the interplay between photoexcited carriers in SiO2/Si and the electrical conduction in SPAN lines.  
The temperature dependence measurements clarified that the current level is thermally sensitive while the current noise property 
is thermally insensitive (figure 3). The dominant conductive mechanism in SPAN lines is confirmed as hopping conduction via 
metallic grains, which is a thermally sensitive process.  
The laser power dependence measurements indicated a transition from the metastable current noise with larger amplitude to the 
stable current noise with smaller amplitude with increasing the laser power (figure 4). This result also supports the effect of surface 
photovoltage onto the current noise. As the amount of photogenerated charge carriers at the SiO2/Si interface are limited by the 
recombination rate [35], saturated electrical potential is generated at high light intensities. Under the saturated condition, the current 
noise amplitude would be suppressed because of a little fluctuation in surface potential.  
At last, properties of two devices located at a same substrate under identical laser irradiation confirmed that the current noises 
are independent from each other, thus indicated a local effect is involved in the noise generation mechanism and excluded the 
possibility of laser power fluctuation. 
Based on the above experimental results, we propose the model of current noise generation. figure 6(a) presents a schematic 
illustration of the local electric field formed by the surface photovoltage at the SiO2/Si interface. The excited carriers formed upon 
laser irradiation result in non-equilibrium carrier separation and accumulation, and the varying carrier motion affords a noisy surface 
photovoltage that generates a fluctuating local electric field at the SiO2/Si interface. The use of 5mW laser power in figure 3 and 
figure 5 was sufficient to saturate the band bending of p-Si at the SiO2/Si interface. 
 
Figure 6. (a) Schematic illustration of the electric field generated by the fluctuation of the surface photovoltage at the SiO2/Si 
interface. Green arrows indicate carrier separation/accumulation upon laser irradiation and blue double-headed arrows indicate 
the fluctuating surface photovoltage generated by carrier separation at the SiO2/Si interface. The metallic grains, which are 
formed inside SPAN, is modulated by the adjacent electric field due to the surface photovoltage. (b) Schematic illustration of 
the proposed mechanism of current noise generation in a SPAN line. Brown arrows indicate the hopping conduction of carriers 
between the localized metallic grains and green arrows indicate the modulation of valence band of the localized metallic grains 
by the modulated electric field.  
With respect to the current noise generation in a SPAN line, the hopping conduction via the metallic grains in the SPAN line 
undergoes modulation due to the fluctuating local electric field at the SiO2/Si interface, as shown in figure 6(b). In other words, the 
minute fluctuation of surface photovoltage is sensed by the metallic grains of SPAN lines, and the electrical current is modulated. 
The current level is determined by the variable range hopping conduction, thus it is temperature dependent. On the other hand, the 
current noise amplitude is temperature independent because of the saturated surface photovoltage at the SiO2/Si interface. The 
hopping probability P in the Mott’s variable-range hopping model has the form: 
𝑃~exp⁡[−
2𝑅
𝑎
−
∆𝐸
𝑘𝐵𝑇
]                             (4) 
where R is hopping distance, a is the localization length, kB is the Boltzmann constant and E is the activation energy. [36] In 
the present study, the hopping probability P would be changed by the modulation of average activation energy barrier by surface 
photovoltage and the current noise is generated. The other parameters such as R and a can be treated  as constant under each 
temperature condition (figure 3). 
Confinement of the width and thickness of the SPAN line is important because of the limited area of surface photovoltage. As 
the diffusion length of the minority carriers in SiO2/Si substrates is considered to be approximately several hundreds of micrometers 
[37], the area of the fluctuating electric field should exceed the width of the SPAN lines (3–6 μm). When a fluctuating electric field 
is generated in the vicinity of the SPAN lines, modulation of the electric potential should occur efficiently. In contrast, during the 
measurements of the SPAN film, the electrical conduction was averaged and hence little current noise was detected (figure 2(e)). 
These experimental results would support the proposed model in which the modulation of electric field is generated locally by 
surface photovoltage. The PSD spectrum from 1 Hz to 25 Hz would be reasonable because a surface photovoltage can respond up 
to the order of hundreds Hz considering the resistivity of substrate [38]. 
The inhomogeneity of surface photovoltage on Si wafer has been characterized by mapping minority carrier distribution length 
[39]. The time-resolved Kelvin probe force microscopy can be used to acquire the time-resolved information of surface potential 
and carrier lifetime [40, 41]. Although the time-resolved imaging in an order of picoseconds is not achieved to measure the dynamic 
change of excited carriers, these techniques can be applied visualize the spatial resolution of dynamic change due to local carriers 
inside conductive polymers [41].  
As shown in figure 5, we observed the independet on-site generation of current noise in SPAN lines separted by a distance of 1.5 
mm. On the basis of the diffusion length, the distribution area of the fluctuating electric field can be considered as several hundreds 
of micrometers. Therefore, it is expected that the spacing between each SPAN line could be further reduced to permit the integration 
of multiple noise generators on a single chip. 
Conclusions 
In conclusion, we have demonstrated the on-site generation of current noise using nanometer-thick SPAN lines deposited on a 
SiO2/Si substrate. The noise generation is considered to originate from modulation of the hopping conduction through the shape-
limited SPAN with a fluctuating local electric field due to the surface photovoltage at the SiO2/Si interface. It should be emphasized 
that the patterning of conductive polymers using FPL is a promising technique for creating shape-limited molecular devices in which 
the interaction between the molecular electronic state and the surrounding electric field is effectively exploited. Compared with 
existing material-based noise generators, the on/off state controllable and temperature insensitive feature are realized for the first 
time, as far as we know. Such on-site independent noise generation demonstrated here represents a potential route for the realization 
of artificial noise-stimulated microelectronic systems inspired by living creatures. 
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